Abstract. Corner fill is a simple benchmark intended to gain knowledge of tube hydroforming and to evaluate hydroforming parameters. In corner fill, an originally round tube is put into a cylindrical die with square cross-sections. Under applied internal pressure, the tube expands in and fills the corners of the die. Corner fill has been studied by using finite element method. The analyses, however, failed to correctly predict the burst of the tube. In this paper, a two-dimensional implicit-static plane strain finite element model is used to study the important mechanical parameters of deformation, including shear deformation and thickness stress, of the tube. The purpose of this paper is to try to explain why the existing failure criteria, including the forming limit diagram and plastic strain criterion, cannot correctly predict burst failures in corner fill. In particular, quantitative values were obtained for shear deformation and thickness stress in a corner filled tube.
INTRODUCTION
Hydroforming is a manufacturing process for some automotive structural components. Parts so fabricated provide increased design flexibility and increased structural integrity with cost and weight savings [1, 2] . To optimize the design and fabrication of hydroformed tubular parts, knowledge on hydroforming process and accurate simulation and burst prediction capabilities for tube hydroforming are necessary.
The corner fill benchmark is a tube hydroforming process widely used by researchers in the automotive industry, material suppliers and government supported research projects [3, 4] . It was originally designed to evaluate lubricants and steel grades. Later on, in conjunction with numerical analyses, it is used to gain understanding of the hydroforming process. Recent results obtained by finite element analysis [5] predicted correctly the deformation of the corner fill tube in an over-sized die. When judged by the established failure prediction methods, i.e., forming limit diagram and plastic strain criterion, however, the burst pressure of the tubes were not predicted correctly. It was speculated that the failure criteria used were not adequate due to the existence of shear deformation and thickness (or radial) stress in the tube.
In this paper, we use the implicit static finite element analysis to study the benchmark problem of corner fill. However, instead of tubes expanding in an oversized die, the original design of the benchmark is used. Namely, the outer diameter of the tube and the wall length of the die are the same and the tube touches the four die walls initially. Detailed mechanical properties of the deformed tube are simulated. The purposes of this paper are mainly to investigate the shear deformation and radial stress in the tube, two factors not considered in the development of burst criteria and suspected to cause the difficulty in predicting burst of corner fill tubes. Quantitative values of shear deformation and radial stress in the tube are obtained to explain the difficulties in applying current failure criterion for burst failure in tube hydroforming. Figure 1 shows the cross-sectional view of the corner fill tube and die. The tube touched the die in all four walls of the die initially. The ends of the tube are sealed and prevented from moving in the axial direction. The corner radius of the die is small (2.54 mm) such that the corners do not interfere with the expansion of the tubes under maximum applied internal pressure. 
CORNER FILL IN TUBE EXPANSION

Numerical Model
The simulation is performed using the ABAQUS (Version 6.3) code. A plane strain condition is assumed and a two-dimensional solid element model is used in this paper. The plane strain condition is realistic since the tube is long and there is no end feeding in the corner filling tests. The solid model is selected because the purposes of the paper are to study the shear deformation and radial stress, neither of which can be obtained from a shell model. Due to symmetry, all calculations in this paper were carried out for a quarter of the tube cross-section.
The tube cross-section is represented by 360 (4 x 90) four-node quadrilateral elements of approximately the same size. The element used is the 4-node bilinear element cpe4. The material of the tube is steel whose stress-strain relationship follows the power law with strength coefficient K = 569 MPa and strain hardening coefficient n = 0.184. The die is assumed rigid. The coefficient of Coulomb friction between the tube and die is 0.1.
RESULTS AND DISCUSSIONS
Numerical Accuracy Check
Besides the symmetry to the x-axis and y-axis which are built-in in the model, the corner fill benchmark is also symmetrical to the diagonal s-axis ( Figure 1) . This s-symmetry condition is not enforced in the numerical model. Simulation results show that all calculated node and element results are symmetric to the s-axis. Although these symmetry conditions do not guarantee the accuracy of the calculation, they do give some added assurance of the integrity of the calculated results.
Due to the symmetry of the calculated results with respect to the s-axis, only the first half of the quarter model is used to show the results. The obtained results are given for values of θ between 0º and 45º. The former refers to node points on the x-axis, while the latter to node points on the s-axis. The calculated variables related to the nodes are contact conditions and displacements. The thickness is not a direct output, but can be obtained from the coordinates of the nodes to be discussed later in the paper. The calculated variables related to the elements are stresses and strains and their components.
Nomenclatures
The parameters used in describing the shape of the hydroformed tube are given in Figure 2 . The tube is shown only by its outer radius. The original outer radius of the tube is shown by the broken curve. The deformed outer radius is given by the heavy solid curve. The tangent point T is determined by the coordinates of the last node point which contacts the die. The diagonal distance, R d , is the distance of the node on the outer surface in the s-direction from the center of the tube. The radial displacement, R s is the displacement of the node, which lies on the outer radius and s-axis, in the s-direction. 
The Contact between Tube and Die
The contact between the tube and die is monitored by the nodes on the outer radius of the tube. The nodes may either slip on the die wall or stick to the die wall, depending on the contact pressure and friction. Figure 3 shows the contact conditions. The contact boundary (CB) separates the contact and open regions, while the stick boundary (SB) divides the contact region into slip and stick sub-regions. To the right of CB is the open region where the tube does not contact the die. Between CB and SB, the node slips on the die surface. To the left of the stick boundary, the nodes stick to the die surface. Initially, only one point of the tube at θ = 0 is in contact with the die. The contact region grows as the pressure increases and more and more nodes contact the die. Within the contact region, a node slips on the die surface first, and later sticks to the die surface as the applied pressure and the pressure between the tube and die are further increased.
Consider a node on the outer radius of the tube, after it makes contact with the die, it will slip on the die surface. With the increase of applied pressure, more nodes contact the die. The considered node stays inside the contact region and moves away from the tangent point. It will eventually become sticking to the die surface because the pulling force to slip the node is compensated by the frictional force between the other newly contacted nodes and the die. Figure 4 shows the calculated radial displacement (R s ) as functions of applied internal pressure. Preliminary tests [6] results are also superimposed in the figure. These tests were performed using two lubricants with coefficients of friction of 0.05 and 0.17, respectively, with indistinguishable measured radial displacements, as discussed in [7] . The calculated radial displacement compares very well with the test results. This shows the calculated results are accurate. 
The Shape of the Hydroformed Tube
SB
The stress and strain in the tube are monitored at the four Gauss integration points of each element. The stress and strain on the tube's inner (outer) radius are referred to those at the two Gauss points closest to the inner (outer) radius of the tube at elements adjacent to the inner (outer) radius. To facilitate discussions of strain and stress, it is easier if the plastic yielding conditions ( Figure 5 ) of the tube are discussed first. The maximum stress/strain occurs near θ = 0° initially because of the contact. The tube becomes plastic around θ = 0° at p = 9 MPa. The whole tube becomes plastic around p = 14 MPa. Plastic unloading occurs when p = 35 MPa. The 45° sector of tube can be divided into plastic unloading (elastic) zone C and plastic yield zone B. In general, the boundary between the elastic and plastic yield zones parallels that of the stick contact region boundary.
Plastic Yielding Conditions
As pressure is further increased, within zone B, the tube ceases active plastic yielding and becomes elastic (elastic zone D). Zone D is caused by different deformation modes in the open and contact regions. When a node moves from open to contact region, the outer radius changes from tension to a combined deformation with both tension and compression components; and the inner radius changes from a combined tension and compression to pure tension. These changes of deformation mode resulted in the unloading. Within the elastic zone C, elements between 5° < θ < 12° undergo plastic loading again at p = 135 MPa. This phenomenon is caused by the squeezing action as the nodes, except those on the outer radius, can move, even if the element and it surrounding elements are in contact with the die, independent of the friction or the slip/stick contact conditions.
The Strain and Stress Distributions
The spatial distributions of equivalent plastic strain (or simply strain) at the inner and outer surfaces of the tube, at selected pressures of 25, 50, 100 and 200 MPa, are shown in Figure 6 . The vertical lines are the locations of the tangent points T at the specified pressure and indicate the contact boundaries. Consider the two upper cases with p = 25 and 50 MPa. In the contact region away from the tangent point T, the strains at both inner and outer radii increase as θ is increased, resulted from stretching and the section with larger θ contacts the die at higher pressure and stretched more. The inner radius has greater strains than the outer radius because, in addition to stretching, the die flattens the originally curved tube, and hence deforms more. In the open region away from T, besides stretching, the corner radius is reduced. Due to bending, the outer radius is subjected to a higher value of strain. Near the tangent point, there is a transition region to blend the curves from the contact and the open region.
The above discussion also applies to the two higher pressure level figures, although the discussions are not as well defined as those for the lower pressures. Some of this murkiness is contributable to the narrowing of the open region, the transitions between slip and stick contact conditions, and between the plastic loading condition and unloading.
The discussions of spatial distributions of Mises stress (or simply stress) are similar to those for the strains. One exception is that the curves are not as smooth at higher pressures due to plastic unloading which follows the slope of the elastic modulus of the stress-strain curve, and minute strain reductions will results in substantial stress reductions.
The Distortion of the Normal
Two frequently asked questions in tube hydroforming are: Do the transverse normal sections of the tube remain normal? How much thickness stress is induced in the tube? These questions are addressed in the following.
One of the significant features of a solid element model is the capability of treating deformations of the transverse normal section of the tube. The amount of distortion of the normal transverse section developed in the course of tube deformation can be obtained by using a solid element model. 
T
In the model used, the position angle θ also defines the transverse normal direction of the tube at θ. There are five nodes along each radial direction, n 1 through n 5 , while n 1 is on the inner radius and n 5 on the outer radius. The line connecting nodes n i and n i+1 , i=1,4, forms an inclination angle with x-axis, φ i ( Figure 7 ). The distortion angle δ at a position angle θ is defined in this paper as the maximum differences among the four inclination angles at θ,
The distortion angles for the transverse normal direction at various pressure levels are shown in Figure 8 , where the letter C indicates the contact boundary. The maximum distortion at an applied pressure level is located in the contact region near the contact boundary. The small value of distortion in the contact region means that the tube is flat. In the open region for p ≤ 100 MPa, the small value of distortion means that the tube is circular. For p ~ 200 MPa, the open region becomes very narrow and numerical error becomes prominent. The maximum δ for p = 100 MPa and all θ is more than 4.6°.
Another measure to quantify the distortion of the normal is to use the shear strain. The values of shear strain registered at the Gauss integration points, however, show substantial spatial fluctuations within an element. To smooth out the fluctuations, values from the four integration points are averaged as shown in Figure 9 for p = 100 MPa. The maximum averaged nominal shear strain for an element is 0.04 mm/mm just inside the contact boundary at the outer radius of the tube (6 = 38°). As a comparison, the maximum nominal shear strain at a Gauss integration point is 0.07 mm/mm at the same element.
The average value of nominal shear strain at the four elements at 0 = 38° are 0.0401, 0.0398, 0.0183 and 0.0029 mm/mm. If we assume elementary definition of shear strain, the distortion angles of the four elements are, respectively, 2.29°, 2.28°, 1.05° and 0.16°. The total distortion angle is then the sum of the above, or 5.8°, which is roughly the same as the 4.6°o btained from the deformed node coordinates.
The Thickness Stress
corresponding applied internal pressure. The thinner horizontal lines show the radial stresses if they are identical to the applied internal pressure. For the two cases in the open region (6 = 40°, p = 100 MPa and 6 = 30°, p = 50 MPa), the calculated radial stresses zigzagged from 0 MPa at the outer radius to the applied internal pressure at the inner radius of the tube. The thinner inclined lines show the radial stresses if they vary linearly from inner radius to outer radius. The differences between them are considered acceptable given the discrete nature of finite element analyses.
The distribution of radial stress through the tube thickness at selected position angles 6 and pressure levels p is shown in Figure 10 . Four cases are shown. There are two levels of pressure at 50 and 100 MPa. For each pressure, there are two 6 locations. One of them is in the contact region and the other is in the open region. In the contact region (cases with 6 = 20°, p = 50 MPa and 6 = 30°, p = 100 MPa), the radial stresses are fairly constant and equal to the Figure 11 shows the radial stresses, at the Gauss integration points near (and less than) 6 = 30°, as functions of applied pressure. There are eight Gauss integration points, two for each element through the thickness of the tube. The simulation shows that the stress in an element at this location is essentially constant as the stresses associated with the integration points in the same element are almost indistinguishable when plotted. Before contact when p Another measure to quantify the distortion of the normal is to use the shear strain. The values of shear strain registered at the Gauss integration points, however, show substantial spatial fluctuations within an element. To smooth out the fluctuations, values from the four integration points are averaged as shown in Figure 9 for p = 100 MPa. The maximum averaged nominal shear strain for an element is 0.04 mm/mm just inside the contact boundary at the outer radius of the tube (θ = 38º). As a comparison, the maximum nominal shear strain at a Gauss integration point is 0.07 mm/mm at the same element. The average value of nominal shear strain at the four elements at θ = 38º are 0.0401, 0.0398, 0.0183 and 0.0029 mm/mm. If we assume elementary definition of shear strain, the distortion angles of the four elements are, respectively, 2.29º, 2.28º, 1.05º and 0.16º. The total distortion angle is then the sum of the above, or 5.8º, which is roughly the same as the 4.6º obtained from the deformed node coordinates.
The distribution of radial stress through the tube thickness at selected position angles θ and pressure levels p is shown in Figure 10 . Four cases are shown. There are two levels of pressure at 50 and 100 MPa. For each pressure, there are two θ locations. One of them is in the contact region and the other is in the open region. In the contact region (cases with θ = 20°, p = 50 MPa and θ = 30°, p = 100 MPa), the radial stresses are fairly constant and equal to the corresponding applied internal pressure. The thinner horizontal lines show the radial stresses if they are identical to the applied internal pressure. For the two cases in the open region (θ = 40°, p = 100 MPa and θ = 30°, p = 50 MPa), the calculated radial stresses zigzagged from 0 MPa at the outer radius to the applied internal pressure at the inner radius of the tube. The thinner inclined lines show the radial stresses if they vary linearly from inner radius to outer radius. The differences between them are considered acceptable given the discrete nature of finite element analyses. Figure 11 shows the radial stresses, at the Gauss integration points near (and less than) θ = 30°, as functions of applied pressure. There are eight Gauss integration points, two for each element through the thickness of the tube. The simulation shows that the stress in an element at this location is essentially constant as the stresses associated with the integration points in the same element are almost indistinguishable when plotted. Before contact when p Another measure to quantify the distortion of the normal is to use the shear strain. The values of shear strain registered at the Gauss integration points, however, show substantial spatial fluctuations within an element. To smooth out the fluctuations, values from the four integration points are averaged as shown in Figure 9 for p = 100 MPa. The maximum averaged nominal shear strain for an element is 0.04 mm/mm just inside the contact boundary at the outer radius of the tube (θ = 38º). As a comparison, the maximum nominal shear strain at a Gauss integration point is 0.07 mm/mm at the same element. The average value of nominal shear strain at the four elements at θ = 38º are 0.0401, 0.0398, 0.0183 and 0.0029 mm/mm. If we assume elementary definition of shear strain, the distortion angles of the four elements are, respectively, 2.29º, 2.28º, 1.05º and 0.16º. The total distortion angle is then the sum of the above, or 5.8º, which is roughly the same as the 4.6º obtained from the deformed node coordinates.
The distribution of radial stress through the tube thickness at selected position angles θ and pressure levels p is shown in Figure 10 . Four cases are shown. There are two levels of pressure at 50 and 100 MPa. For each pressure, there are two θ locations. One of them is in the contact region and the other is in the open region. In the contact region (cases with θ = 20°, p = 50 MPa and θ = 30°, p = 100 MPa), the radial stresses are fairly constant and equal to the corresponding applied internal pressure. The thinner horizontal lines show the radial stresses if they are identical to the applied internal pressure. For the two cases in the open region (θ = 40°, p = 100 MPa and θ = 30°, p = 50 MPa), the calculated radial stresses zigzagged from 0 MPa at the outer radius to the applied internal pressure at the inner radius of the tube. The thinner inclined lines show the radial stresses if they vary linearly from inner radius to outer radius. The differences between them are considered acceptable given the discrete nature of finite element analyses. Figure 11 shows the radial stresses, at the Gauss integration points near (and less than) θ = 30°, as functions of applied pressure. There are eight Gauss integration points, two for each element through the thickness of the tube. The simulation shows that the stress in an element at this location is essentially constant as the stresses associated with the integration points in the same element are almost indistinguishable when plotted. Before contact when p < 50 MPa, the radial stresses varies through the thickness from 0 MPa at outer radius to the applied pressure at inner radius. Shortly before the tube sticks to the die and thereafter with p > 80 MPa, the radial stresses equal to the applied pressure. The radial stresses go through a transition period for 50 MPa < p < 80 MPa.
In general, the thickness stresses everywhere are all fairly close to the applied pressure in the contact region. In the open region, the thickness stresses vary through the thickness and are independent on θ.
DISCUSSION
An implicit-static finite element model is used to simulate corner fill in tube hydroforming. The accuracy of the model is verified by the symmetry properties of the results to the s-axis which are not enforced in the model. In addition to deformation, stress and strain, detailed slip/stick contact conditions and active plastic yielding status are presented to explain the simulated results. The shear distortion of a normal section to the tube and the radial stress in the tube are presented.
A measure of shear distortion of a surface normal section is defined. For a section with initial position angle θ, four inclination angles, which measure the slope of adjacent nodes, are defined using the coordinates of the five nodes at θ. The changes of slope of a surface normal through thickness are not uniform. The distortion of the surface normal section is defines by the maximum difference among the four inclination angles. The differences can reach to a maximum of more than 4º. A second measure for shear distortion is by using shear strains. Essentially the same maximum distortion has been obtained as that obtained from using node coordinates.
The calculation of the radial stress is straightforward. Aside from some numerical errors due to finite element discretization, the radial stress is constant in the contact region and varies linearly in the open region. These results are basically in consistence with intuition.
The shear distortions of surface normal and stress non-uniformity through wall thickness of the tube may cause different simulation results between a shell model and a solid element model. They also may be contributing factors to the inaccuracy in burst predictions in corner fill.
More numerical and physical experimentations are needed to clarify these issues.
In this paper, quantitative values for the distortions of surface normal and radial stress are obtained. However, the question how the above findings can help explain the inability in predicting burst in corner fill is not explained. Further studies are needed to address the burst prediction problem.
